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SYNOPSIS:Vibroflotation method has been used to improve sandy soils, especially to eliminate soil liquefaction in earthquake 
region. However, some arguments still exist about the effectiveness of this method. in tn:ating lique?able silt. ~s pap~r 
presents an example of the application of this method to a very loose and highly potentially ~quefiable ~ilt. Along ~~ the soil 
treatment construction, a series of in-situ testing were conducted. The tests showed that the silt has been tmproved significantly, 
together with the gravel piles, forming the composite foundation, and can bear both static loads from weight of structure and 
dynamic load from the earthquake. 
INTRODUCTION 
Silt was ascertained as a liquefiable soil when severe 
liquefaction occurred in silt deposits in Tangshan Earthquake 
in 1976 (LIU,1984). Finer than sand, but coarser than clay, 
this soil possesses some properties of both sand and clay. A 
lot of work has been done concerning improvement 
techniques on this particular soil (LIU,1984, 
MINISTRY,1984,1986, TIANJIN,1986). Vibroflotation 
method is one of the commonly used techniques. However, 
some unsuccessful cases were reportedly occurred. So there 
still exists argument on the applicability of the method to silt. 
This paper presents a case studies to investigate the validity 
:>f vibroflotation method. 
A. block of four storey buildings were to be constructed on a 
Quaternary deposit near the Yellow River in Wuzhong, 
Table 1 Soil profile and specifications 
Ningxia Province, China. Site investigation showed that the 
ground conditions were very poor. Some crevices caused by 
settlements were observed on the walls of existing houses, 
zero blow counts were recorded in some poreholes during 
SPT tests. Seismic activities are quite frequent in this region. 
Medium and medium strong earthquakes occurred every four 
or five years in past decades !}UN"GXIA,1985). The local 
seismological records showed that liquefaction happened 
during almost every major earthquake in history 
(NINGXIA,I983). The liquefaction hazard analysis indicates 
that the proposed site has a severe liquefaction potential under 
the anticipated intensity of earthquake based on the standard 
of China current code for earthquake design (CHEN,1987). 
The problems facing geotechnical engineers are not only the 
inadequacy of bearing capacity, but also hazard of soil 
liquefaction. The proposed site should be improved so that (1) 
the buildings be functioning safely under the nonnal 
Proflle Depth of Soil types and descriptions Clay particle content Pc (%) Blow count (N,;~ ~) 
layer (M) Range Average Range Average 
0.0- 1.5 Silt,interbedded with fine 7.5 - 15.0 11.7 0.5- 4.0 1.63 
1 sand, saturated, soft or 
0.5 - 5.0 loose, highly liquefiable. 0.0- 6.0 2.0 0.5 -10.0 3.6 
5.0 - 6.0 Silty clay ,saturated, very 33.0-43.0 38.4 1.0- 5.0 2.6 
2 soft, non-liquefiable. 
6.0 - 8.0 Silty sand, saturated, 7.5- 24.0 13.0 1.5 - 7.0 5.4 
3 medium-dense to dense, 
likely liquefiable. 
8.0 -10.0 Silty and fine sand with 0.0 0.0 4.0-27.0 12.8 
4 clay lenses, dense, unlikely 
10.0-15.0 liquefiable. 0.0 0.0 20.0-50.0 34.1 
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condition; (2)liquefaction be eliminated if an earthquake 
occurs. 
There are several soil improvement techniques suitable for 
this purpose which may include reinforced concrete pile, 
compaction pile and vibroflotation method. However, 
vibroflotation was chosen due to the availability of the local 
facilities and materials. 
GEOLOGICAL ASPECTS 
There are basically four strata ascertained in the profile of 
ground. The types, descriptions and some physical and 
mechanical properties of the soils are displayed in Table 1. 
IN-SITU TESTING 
In order to check the effectiveness of the method a series of 
tests were conducted along with the construction. The tests 
consist of SPT, plate bearing test, in-situ density test and 
pressure cell tests. The layout of gravel piles and testing 
arrangements are displayed in Fig.l. 
1. Plate Bearing Tests 
As shown in Fig.l, four plate bearing tests were conducted on 
natural soil (PBl), treated soil (PB2), gravel pile (PB3) and 
the composite foWldation (PB4) respectively~ Circular plate is 
used for the test of soil and pile, with diameter of 0.8 meter, 
whilst plate for composite fom1dation is rectangular, with size 
of 1.8 by 1.8 meter, just covering a representative area of a 
pile in a typical unit. The results are shown in Table 2. 
Allowable pressure is a pressure Wlder which the induced 
settlement is 2 per cent of the width or diameter of loading 
plate. As shown in Table 2, allowable pressure of treated soil 
alone is 130 kPa, nearly double of that of natural soil. Whilst 










Fig. 1 The layout of gravel piles and testing points 
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Table 2 The results of plate bearing tests 
Size of Allowable Ultimate 
No. load plate pressure pressure Notes 
(:nm) (kPa) (kPa) 
PB1 <!1800 70 100 Natural soil 
PB2 <jl800 130 200 Treated soil 
PB3 <j1800 320 no· Gravel pile 
PB4 1600x 190 360. Composite 
1600 foundation 
Notes:The elevation of plate bottom is about -0.8 to -0.9 M, watex 
table:-1.1 M. 
* Maximum applied load. 
the allowable pressure of composite foundation was 190 
kPa, approximately three times of that of natural soil. 
Fig.2 displays P-S/B curves of all four bearing plate tests. It 
can be seen that the curves for soil, no matter treated or not, 
have a critical point where settlement rate increases rapidly, 
tests stopped when the ultimate state was reached. But curves 
for gravel pile and composite foundation look different, 
settlement increases gradually as the load increases, tests 
terminated when maximum available load applied. So the 
ultimate stress of composite foundation could have been 
larger. Another point should be noted is that settlement of 
composite foundation is even larger than that of soil at the 
beginning stage, this probably due to the influence of 
different dimension of loading plate, or more readily 
disturbance of top soil in carrying out larger sized bearing 
plate test for composite foundation. 
Seven pressure cells were installed under the bearing plate to 
monitor pressure response of composite foundation so as to 
investigate the characteristics of this particular foundation. 
The ratio of pile pressure to soil pressure relevant to 2 % 
settlement ratio is 2.55. 
Load pressure P (kPa) 
0 ~0~-=~~~~--~30~T-~4~0~~5~0~--6~0----~70~ 
\ 
Natural sojl \ 
Treated soil 
8 - Width or diameter of bearinq 
plate 
Fig. 2 P - SIB curves 
Table 3. Blow counts (N635) of Standard Penetration Tests 
Test Natural soil Treated soil Ratio of 
depth (M) Range Average Range Average increase Notes 
0.0 - 1.5 0.5 - 1.0 0.83 4.0 4.0 4.80 Silt, Pc=7.5 - 15 % 
1.5- 2.5 0.5 - 3.0 1.70 4.0- 12.0 6.4 3.84 Silt, Pc=0.6 - 3.6 % 
2.5- 3.5 2.0 -10.0 5.80 5.5- 21.0 10.63 1.83 Silty sand 
3.5- 4.5 1.5- 5.5 3.20 6.5- 15.0 9.13 2.89 Silt, Pc=0.5 - 6 % 
4.5- 5.5 1.5 - 5.0 2.75 2.0- 3.0 2.63 0.96 Silty clay 
5.5- 6.5 1.5-4.0 2.42 2.5- 15.0 9.88 4.08 Silt 
6.5- 7.5 1.5- 7.0 5.67 10.0- 11.0 10.70 1.88 Silt, Pc=7 - 22 % 
2. Standard Penetration Tests 
SPT was employed to verify the improvement effect in the 
deeper soil as well as top soil. Table 3 lists the blow counts 
of soil before and after treatment.It was found from the table 
that the blow counts were increased from 0 - 10 to 2 - 20. 
Fig.3 shows the layered average blow counts versus depth. 
The improvement effect varies with clay particle content and 
the depth. The silt, silty and fme sand have been improved 
significantly, the blow counts were increased by 83-380 %. 
However, the blow counts of silty clay have no increase at 
all. Rather, a slight decrease was recorded. 
3. In-situ density tests 
Some undisturbed soil were sampled from test pits (TP1 to 
TP4 in Fig.l) including both treated and untreated soil in the 
depth of near or above water table. The measured void ratio 
is shown in Fig.4. For untreated soil, void ratio is more 
dispersed, ranging from 0.58 to 0.95, whilst void ratio of 
treated soil varies between 0.55 to 0.69. 
The density test for gravel pile was carried out in-situ by 
the sand filling method. The results of test are shown in 
Table 4. The void ratio of the material in natural loose state 
is 0.56, while the void ratio of the material in pile body is 
0.35, having been considerably compacted. 
Table 4 In-situ void ratio of gravel 
Unit Water Void 
No. weight content ratio Gravel state 
(t/m2) (%) 
1 1.73 1.0 0.56 Naturally piled on 
ground 
2 2.20 10.0 0.34 Above water table 
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Fig. 4 Variation of void ratio before and after 
soil treatment 
ANALYSIS OF TESTING RESULTS 
1. Compactive effect of vibroflotation method on soil 
Vibroflotation technique has been proved to be effective to 
compact sands and to have little or no compactive effect on 
clays. For silt, which is a intennediate soil between sand and 
clay in terms of grading, the compactive effect should be 
something between. 
The compactive effect of silt under the vibroflotation can be 
verified by the following facts: The allowable pressure 
increased from 70 k:Pa to 130 k:Pa; the void ratio decreased 
from 0.58-0.95 to 0.55-0.69; The blow counts of SPT 
increased by 0.86 to 3.8 times. 
It was also found that the clay particle content in soil has 
considerable effect on the improvement. Through the depth of 
profile, there exist sand, silt and clay, which have a wide 
spectrum of variation in particle size. Fig.S shows the number 
of blow counts of treated soil with clay particle content. The 
depth of soil is also displayed on the graph. Although the 
data points are scattered, the trend is evident: the higher blow 
counts,the lower content of clay particle. For a given Pc• the 
deeper of soil, the higher of blow counts. If eliminating the 
effect of depth by dividing the blow counts by those of 
natural soil at the same elevation we have the Fig.6. It can be 
seen from the figure that the correlation become much better. 
The improvement effect decreases as the clay content 
increases. When Pc increases to 15 %, the increment ratio 
approaches unity, meaning no or little improvement. 
2. Bearing capacity of composite foundation 
Gravel piles, or rather gravel columns are fonned in soils 
after the conduction of vibroflotation. The diameter of piles 
ranges from 0.6 to 1.2 meters depending on the type of soil 
concerned, construction procedure and the power of 
equipment. Under the load of super-structure, the defo~tion 
of soils and piles have to be compatible. As a result, sttffer 
gravel pile is subject to a stress which is much higher than is 
the soil. This is the characteristics of composite foundation. 
8.4 
Depth of soi 1 
.. 9 




Clay particle content (%) 
Fig. 5 Influence of clay particle content 
on the blow counts of soil 
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on the improvement effect 
The strength and stiffness of composite foundation are 
normally found through larger-sized plate bearing test, but 
this test is usually very expensive and time consuming, and 
sometime impossible due to construction constraints. So it is 
neeessary to find an alternative and simpler method. Based on 
composite foundation theory, the following semi-empirical 
equation can be used to estimate the bearing capacity of 
composite foundation: 
a= a, {1+m(n-1)} (1) 
Where a - allowal:lle pressure of the composite foundation. 
a. - allowable pressure of soil. 
m = AjA- replacement ratio, a geometrical parameter. 
n = crplcr. -ratio of pile pressure to soil pressure, a 
mechanical parameter. 
~ - the cross-section area of a pile. 
A= A.+~. 
A. - the area of soil in a typical unit. 
crP - allowable pressure in a pile. 
From the above equation we can see that if m and n are 
known, the bearing capacity of composite foundation can be 
estimated by the allowable pressure of soil cr,. The 
arrangement of plate bearing tests in this project made it 
possible to find a either directly or evaluated by equation (1). 
Table 5 lists the allowable pressure of composite foundation 
both directly from plate bearing test and calculated from 
equation. (1). 
Table 5 Allowable pressures of composite foundation 
Methods n=crpla. a (k:Pa) 
Estimated by equation (1) 2.46 188 
Measured directly from PBT 2.55 191 
It was noted during tests that the pressure ratio n varies with 
loading, the values listed in the table are relevant only to the 
allowable pressure. The pressure ratio measured directly from 
composite foundation by pressure cells is 2.55, whereas the 
ratio estimated by the allowable pressures of pile and soil 
obtained respectively from PBT is 2.46, being very close to 
the former. The allowable pressures of composite foundation 
determined by these two methods are even closer. It seems as 
long as correct pressure ratio can be determined, the 
allowable pressure of composite foundation can be evaluated 
by allowable pressure of soil, geometrical parameter m and 
mechanical parameter n. 
3. Liquefaction analysis 
As mentioned previously, after treatment by vibroflotation, 
gravel piles or columns formed, together with surrounding 
compacted soils, constitute composite foundation. The 
increase both in strength and stiffness of composite 
foundation is attributed to improved soil and stiffer gravel 
piles formed in soil. As a good vertical drainage pass, gravel 
Table 6 The results of liquefaction analysis 
piles will help speed the consolidation of saturated soil under 
the structural load, and also will help dissipate the excess 
pore water pressure induced by cyclic loading during 
earthquake and thus eliminate or relieve liquefaction hazard. 
Unfortunately, the liquefaction criterion recommended by 
current China code (1986) does not consider the beneficial 
effect of gravel piles in increasing strength and providing 
drainage, rather, only considers soil improvement. For sands, 
it is nonnally adequate to eliminated soil liquefaction when 
only considering improvement of soil. On the other hand, the 
diameters of gravel piles formed in sands is much smaller 
than that formed in silt, it may be reasonable to ignore the 
effect of piles. However, for a silt, the improvement is much 
less than that of sand. But the diameter of gravel piles formed 
in silt is usually more than that formed in sands. Hence the 
contribution of piles to the increased strength and stiffness 
can be very significant and ignoring of the gravel piles would 
lead to unreasonable conclusion. 
There is no liquefaction criterion available for composite 
foundation. However, based on equation (1), we can know 
that the shear stress generated by earthquake in soil of 
Depth Clay particle No. of blow Criterion 1 Criterion 2 Notes 
No. (M) content Pc (%) counts N63.s N' « Result N" « 
1.8 3.6 5.5 8.9 L 6.0 
SPl 2.3 
--- 4.5 9.3 L 6.4 
3.3 
--
5.5 10.2 L 7.0 
4.3 3.5 8.0 11.3 L 7.7 










7.3 8.0 11.0 9.3 NL 6.4 
1.8 0.6 12.0 9.7 NL 6.6 
SP2 3.3 --- 21.0 11.2 NL 7.6 
4.3 4.3 7.0 10.2 L 6.9 
5.3 20.8 2.5 
--- NL --
6.3 6.8 15.0 9.4 NL 6.4 
7.3 11.0 10.0 7.9 NL 5.4 
2.3 2.0 4.0 12.5 L 8.5 
SP3 3.3 
---
8.0 11.6 L 7.9 
4.3 2.8 6.5 12.6 L 8.6 
6.3 6.4 9.0 9.7 L 6.6 
7.3 7.9 13.0 9.4 NL 6.4 
1.3 4.9 4.0 7.2 L 4.9 
SP4 2.3 3.2 6.0 9.9 L 6.7 
3.3 --- 8.0 10.8 L 7.4 
4.3 2.8 15.0 12.6 NL 8.6 
6.3 13.7 13.0 6.6 NL 4.5 
7.3 7.9 11.0 9.4 NL 6.4 
Notes: L - Liquefiable, NL - Not Liquefiable 
Oiterion 1: N.,.'=lO [0.9+0.1(d.-d,.)]..J3/p0 --Critical blow counts of natural foundation 
Oiterion 2: N.,."=N,.'I[1+m(n-1)] - Qitical blow counts of composite foundation 




L Silty sand 
L Silty sand 
NL Silt 
NL Silty clay 
NL Silty clay 
NL Silt 
NL Silt 
NL Medium sand 
NL Silt 














"composite foundation is equal to 1/[l+m(n-1)] of shear stress 
in natural soil. It is reasonable to assume that the shear 
strength of soil is proportional to the blow counts of SPT. 
Thus we can multiply the critical blow counts Ncr' by 
1/[1+m(n-1)] to take into account the beneficial effect of piles 
in liquefaction analysis (CHEN,1987). 
Table 6 gives the results of liquefaction analysis. Criterion 1 
treats soil as it is in a natural foundation as recommended by 
current code. Whilst criterion 2 using the method proposed in 
this paper, treats soil as existed in composite foundation. 
As shown in Table 6, there are 12 points out of 24 testing 
points still being liquefiable based on the criterion 1, and 
most liquefiable points are located in depth of 1 to 3 meters. 
However, there are only 7 points being liquefiable based on 
the criterion 2. As far as a composite foundation concerned, 
liquefiable points are only existed in a limited area isolated 
either by gravel piles or by non-liquefiable soils. And the 
drainage effect of the gravel piles are enormous, as it was 
observed during piling that water was expelled from piles of 
previously formed. So considering these effects, even the 
remaining seven points are unlikely to be liquefiable. 
An earthquake with intensity of 7 in the concerned area 
occurred within six months of the buildings completion, with 
no any indication of soil liquefaction or related hazard being 
observed. Although the intensity of the quake was one degree 
smaller than the designed intensity of 8, however, the 
performance of foundations and structures at least provided 
information which is encouraging to the project. 
CONCLUSION 
.Significant effects of improvement has been achieved by 
ibroflotation method on a weak and liquefiable silt. The 
Jearing capacity of the composite foundation is 190 kPa, 
nearly three times of that of natural foundation. 
2. Clay particle content of silt affects greatly the improvement 
effectiveness. The higher the Pc. the poorer of the 
improvement. There was no improvement at all when Pc ~ 
15%. 
3. The bearing capacity of composite foundation can be 
estimated based on the individual tests on soils and gravel 
piles, which are usually smaller-sized and much easier to 
carry out. 
4. Liquefaction analysis on composite foundation in this paper 
is preliminary. More work is needed to finalise this 
procedure, especially for vibroflotation-treated silt 
foundation, ignoring the effect of gravel piles in liquefaction 
analysis can lead to far more conservative conclusion. 
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